Background: Serratia marcescens induced an acute increase in immune cell numbers in silkworms. Results: Serralysin metalloprotease was identified as a factor that inhibited immune cell adhesion and bacterial clearance. Conclusion: S. marcescens suppresses cellular immunity by degrading adhesion molecules. Significance: A novel mode of immune evasion by S. marcescens is proposed.
Living organisms are constitutively exposed to the danger of infection by microorganisms present in the surrounding environment, such as in the air, water, food, and soil (1) . Serratia marcescens is an environmental bacteria that causes sepsis in immunocompromised people (2) . S. marcescens strains resistant to multiple antibiotics were recently reported (3) . Therefore, overcoming S. marcescens infection is an important clinical issue. Recent studies revealed the biosynthetic mechanisms of virulence components such as the flagella (4, 5) and outer membrane vesicles (6) of S. marcescens. However, how S. marcescens interacts with the host immune system and escapes attack by immunosurveillance cells remains unclear.
To elucidate bacterial pathogenesis, it is crucial to understand the interactions between bacteria and host immune systems. Especially in the battle against bacteria at the early stage of infection, the innate immune system acting independently of antibodies plays a critical role. Invertebrates and mammals share a common basis of innate immunity (7) . In our laboratory, we have studied the innate immune system using the silkworm Bombyx mori. Silkworms are highly suited for biochemical analysis of hemocytes, immunosurveillance cells circulating within the insect bloodstream, because of their large body size and the technical simplicity of blood (hemolymph) collection (8) . We recently demonstrated that bacterial and fungal cell wall components induce the activation of an insect cytokine named paralytic peptide (PP) 2 in the silkworm hemolymph (9) and that active PP promotes the expression of adhesion molecules in hemocytes (10) .
Our group has established silkworm infection models to analyze the virulence mechanisms of various pathogens (11) (12) (13) (14) . In the course of our studies of S. marcescens pathogenesis using the silkworm infection model (15) , we found that the number of freely circulating hemocytes in silkworms increased immediately after infection. We speculated that the bacteria inhibited the adhesion of hemocytes to the body cavity and tissues. In general, the adhesive properties of immune cells are important for cellular immune responses in host animals. For example, adhesion molecules are involved in bacterial phagocytosis by hemocytes in the tobacco hornworm Manduca sexta (16) . Moreover, in the fruit fly Drosophila melanogaster, mutation of the gene encoding a transmembrane protein mediating bacterial phagocytosis (Eater) leads to an increase in the number of circulating hemocytes (17) . Based on these reports, we hypothesized that S. marcescens decreases the adhesive abilities of immune cells and exerts its virulence via the suppression of host cellular immunity. In this study, we purified factors that increase the cell density of silkworm hemocytes from the culture supernatant of S. marcescens. mate 2S, Nihon Nosan Kogyo) at 27°C. Mice (C57BL/6JJc1) were purchased from CLEA Japan, Inc. A red-color pigmented S. marcescens 2170 strain was harvested in BHI medium (BD Biosciences) at 30°C. Escherichia coli W3110 and Staphylococcus aureus Newman were harvested in tryptic soy broth (BD Biosciences) at 37°C. The active form of the insect cytokine PP and its truncated form lacking the N terminus ENF residues were chemically synthesized (18, 19) . Anti-PP rabbit antiserum was prepared as described previously (18) .
Measurement of Hemocyte Numbers in Silkworm HemolymphSilkworm larvae (day 2 of 5th instar, 2 g/larva) were injured or injected with liquid samples into the back between the 8th and the 9th segment using 27-gauge needles and 1-ml syringes (Thermo). Silkworms were incubated at 27°C, and the legs were cut with scissors to collect the hemolymph. In some experiments, equal volumes of hemolymph obtained from several larvae were pooled. To prevent melanization and other serine protease-mediated reactions, 5 l of hemolymph was immediately mixed with 15 l of 10 mM benzamidine chloride dissolved in insect physiologic saline (IPS) (150 mM NaCl, 5 mM KCl, 1 mM CaCl 2 ). Samples were loaded on a cytometer, and hemocyte numbers were counted under a microscope.
Purification of the Hemocyte-increasing Factor from S. marcescens Culture Supernatant-S. marcescens was inoculated in 400 ml of BHI medium (40 tubes; Conical centrifuge tubes, 50 ml of polypropylene (BD Biosciences) containing 10 ml each of the inoculated medium) and shaken overnight at 30°C. The collected culture containing ϳ10 10 cells/ml was centrifuged, and the cell pellet was resuspended in 40 ml of IPS (40 tubes containing 1 ml each of the suspended culture). The IPS culture was statically incubated at 30°C overnight. The collected culture was centrifuged, and the supernatant was filtered through a Millipore filter (Millex-GV, 0.22 m, PVDF) to obtain the "IPS culture supernatant" fraction (Fr. I).
Phenyl-Toyopearl resin (12 ml; phenyl-650M, TOSOH) was washed with reverse osmosis water (ROW) and equilibrated with 1 M ammonium sulfate. Fr. I (39 ml) was mixed with 13 ml of 4 M ammonium sulfate and applied to the column. The column was sequentially washed with 3 column volumes (36 ml) of 1 and 0.25 M ammonium sulfate. The column was then loaded with 36 ml of IPS, and the eluted sample was collected as Fr. II.
Hydroxyapatite resin (4 ml; Seikagaku-kogyo, Japan) was swelled in 1 mM phosphate buffer (pH 6.8) for at least 1 day. The column was washed with 400 mM phosphate buffer (pH 6.8) and equilibrated with 10 mM phosphate buffer (pH 6.8). Fr. II was dialyzed in the 10 mM phosphate buffer prior to loading. After applying 36 ml of the dialyzed sample, the column was washed with 3 column volumes (12 ml) of 10 mM phosphate buffer. The column was then loaded with 12 ml of 50 mM phosphate buffer (pH 6.8), and the eluted sample was collected as Fr. III. DEAE-Toyopearl resin (4 ml; DEAE-650M, TOSOH) was washed with ROW and 1 M NaCl in 50 mM Tris-HCl (pH 8.0) and then equilibrated with 50 mM Tris-HCl (pH 8.0). Fr. III was dialyzed in 50 mM Tris-HCl (pH 8.0) before loading. After applying 11 ml of the dialyzed sample, the column was washed with 50 mM Tris buffer, and then a linear gradient elution from 0 to 0.3 M NaCl using 60 ml of 50 mM Tris-HCl (pH 8.0) and 60 ml of 0.3 M NaCl in 50 mM Tris buffer (30-column volumes in total) was performed with a gradient maker. The elution speed was ϳ1 ml/min, and 30 fractions (4 ml/Fr.) were collected in 15-ml tubes. As indicated in Fig. 2 , Fr. 14 and 15 were pooled as peak 2 or Fr. IV.
For further chromatography of the peak 1 fraction eluted from the DEAE column, we performed gel filtration column chromatography with Superose 12. The peak 1 fraction was concentrated by Amicon ultracentrifugal filters with Ultracel-3K membranes (Millipore) to reduce the volume ϳ40-fold.
The sample was applied to the Superose 12 10/300 GL gel filtration column (GE Healthcare) and eluted by the AKTApurifier system (GE Healthcare). Elution was performed in 100 mM NaCl in 50 mM Tris-HCl (pH 8.0) at a flow rate of 1 ml/min, and 50 fractions (0.5 ml/Fr.) were collected in 2-ml tubes.
All fractions except for Fr. I were dialyzed in IPS prior to assessing their hemocyte-increasing activities. Protein concentrations were measured by using Coomassie Plus TM protein assay reagent (Thermo) with bovine serum albumin as the standard. The purification procedure using independently prepared bacterial cultures was repeated three times with similar results. Amino acid sequence analysis was performed by in-gel trypsin digestion followed by the Edman degradation method. Fragments separated with HPLC were analyzed by mass spectrometry.
Production of Recombinant Serralysin Protein-Genome DNA of S. marcescens was prepared by using a QIAamp DNA blood mini kit (Qiagen). The coding region of the ser gene was amplified by PCR using forward (5Ј-AAGAATTCTAACCGT-GGCTTAC-3Ј) and reverse (5Ј-AACTCGAGCGCGTTAAA-GTACCT-3Ј) primers and the S. marcescens genome DNA as a template. The amplified 1.6-kb DNA fragment and pET28a expression plasmid were double-digested with restriction enzymes EcoRI and XhoI, and the purified DNA fragments were ligated using a TAKARA ligation kit. The constructed plasmid was transformed into E. coli BL21(DE3)pLysS. Cells were harvested in 5 ml of LB10 medium containing 50 g/ml kanamycin, and 1 ml of the overnight culture was transferred into 1 liter of LB10 medium containing 50 g/ml kanamycin. The culture was shaken at 37°C for 2 h, and then 1 ml of 0.5 M isopropyl ␤-D-thiogalactopyranoside was added. After further incubation at 37°C for 2 h, the culture was centrifuged. Cells were suspended in 10 ml of PBS and rapidly frozen in liquid nitrogen. Samples were thawed and supplied with 100 l of 100 mg/ml lysozyme, and cells were disrupted by sonicating twice using a Sonifier 450 (Branson) with output control of 2 for 30 s. Samples were frozen in liquid nitrogen again, followed by thawing and sonicating four times for 30 s with 30-s intervals. After centrifugation, the precipitate was solubilized in 20 ml of PBS containing 8 M urea. Samples were then centrifuged, and the supernatant was collected as the "urea-soluble fraction." To purify the His-tagged serralysin protein from the soluble fraction, nickel affinity column chromatography was performed under a denaturing condition. Probond resin (3-5 ml, Invitrogen) was sequentially washed with 0.5 N NaOH, ROW, and 20 mM phosphate buffer (pH 7.8), and then equilibrated with 5-10 column volumes of buffer A (20 mM phosphate buffer (pH 7.8) containing 0.5 M NaCl and 8 M urea). A 20-ml aliquot of the urea-soluble fraction mixed with 2.4 ml of 200 mM phosphate buffer (pH 7.8) and 2.4 ml of 5 M NaCl (final concentrations, 20 mM for phosphate and 0.5 M for NaCl) was applied to the column, and the resin was washed with 3 column volumes of buffer B (20 mM phosphate buffer (pH 7.8) containing 10 mM imidazole, 0.5 M NaCl, and 8 M urea). Ten column volumes of buffer C (20 mM NaH 2 PO 4 (pH 4.0), 0.5 M NaCl, and 8 M urea) were then applied to the column, and 2 column volumes per fraction of the eluate were collected (E1-E5). The eluted fractions were dialyzed in IPS before assessing their biologic activities.
Attachment Assay of Silkworm Hemocytes-Hemolymph (5 ml) was collected from 40 larvae (day 2 of 5th instar) in an ice-cold tube containing 10 ml of 10 mM benzamidine chloride. The hemolymph was centrifuged at 1000 ϫ g for 5 min at 4°C, and the precipitated cells were suspended in 2 ml of IPS. Cells were transferred to tissue culture-treated 24-well polystyrene plates and incubated in the presence of recombinant serralysin at 27°C for 3 h. The plate was gently shaken by hand 10 times, and the aliquots were collected. Cell numbers were counted under a microscope.
Two-dimensional Electrophoresis Analysis-For the analysis of silkworm hemocytes, membrane fractions were prepared according to a previous report (20) with modifications. Approximately 30 ml of hemolymph was collected from 240 larvae (day 2 of 5th instar) in an ice-cold tube containing 10 ml of 10 mM benzamidine chloride. The hemolymph was centrifuged, and the collected hemocytes (ϳ10 8 cells) were washed with IPS. Cells suspended in 0.4 ml of IPS were divided into two groups. An equal volume of either IPS or 1.6 M recombinant serralysin was added to the hemocyte suspension. After incubation at 27°C for 1 h, the samples were centrifuged, and the cells were suspended in 1 ml of homogenization buffer (IPS containing protease inhibitor mixture). Cells were homogenized and sonicated at output control of 1 for 10 s, and the samples were then centrifuged at 100 ϫ g for 1 min to remove the debris. The supernatant was further centrifuged at 100,000 ϫ g at 4°C for 30 min. Precipitates were suspended in 400 l of 2% CHAPS and sonicated at an output control of 1 for 5 s. Trichloroacetic acid (44 l) was added to each sample and placed at 4°C overnight. Samples were centrifuged, and the precipitates were washed two times with ethanol. The precipitated samples were dissolved in a solubilization buffer (8 M urea, 50 mM dithiothreitol, 2% CHAPS, 0.001% bromphenol blue, and 0.2% carrier ampholytes (Bio-Rad)) by sonication. Isoelectric focusing on ReadyStrip TM IPG strips (pH 3-10), 11 cm (Bio-Rad, catalog no. 163-2014) was performed with PRO-TEAN IEF Cell (Bio-Rad). Strips were sequentially treated with equilibration solution I (6 M urea, 2% SDS, 375 mM Tris-HCl (pH 8.8), 20% glycerol, and freshly supplied 20 mg/ml dithiothreitol) for 20 -30 min and equilibration solution II (6 M urea, 2% SDS, 375 mM Tris (pH 8.8), 20% glycerol, and freshly supplied 25 mg/ml iodoacetamide) for 10 min at room temperature. Strips were then subjected to SDS-PAGE using 12.5% gels (12 ϫ 14 cm), and the gels were stained with Coomassie Brilliant Blue. For analysis of mouse peritoneal macrophages, cells were obtained from C57BL/6JJc1 female mice as described previously (15) . Approximately 0.5 ϫ 10 8 cells obtained from 15 mice were treated with serralysin, and the membrane fraction was prepared and analyzed as described above.
Phagocytosis Assay of Silkworm Hemocytes-Phagocytosis of S. aureus Newman strain by hemocytes collected from silkworm larvae (day 3 of 5th instar) was assessed as described previously (10) . Bacterial counts per hemocyte measured in each group treated with or without recombinant serralysin after 1 h at 27°C were normalized with those of the control group incubated at 4°C to calculate the phagocytic index.
Construction of S. marcescens-disrupted Mutant of the ser Gene-Gene disruption of S. marcescens was performed according to previous reports (15, 21, 22) . Briefly, the 145-309th nucleotides of the internal region within the ser open reading frame (1536 bp) was amplified by PCR using forward (5Ј-AAGAATTCGACG-ACCTGCTGCATTATCA-3Ј) and reverse (5Ј-AAGAATTCAT-CCGGGAAGGAGAAGGTTA-3Ј) primers and S. marcescens 2170 genome DNA as a template. The amplified DNA fragments were treated with EcoRI and ligated with EcoRI-digested pir-dependent plasmid pFS100. E. coli S17-1 pir strain transformed with the constructed plasmid was further conjugated with S. marcescens. Disruption of the targeted region in the S. marcescens genome was confirmed by PCR.
Western Blot Analysis-To test the degradation of PP by serralysin in vitro, 1 M of chemically synthesized PP was incubated with 800 nM of recombinant serralysin at 27°C for 1 h. Western blot analysis of PP was performed as described previously (9) .
To observe the serralysin-dependent degradation of calreticulin in mouse macrophages, peritoneal macrophages were collected from 10 mice, and the membrane fraction was prepared as described above for the two-dimensional electrophoresis analysis. Protein samples were separated by SDS-PAGE using 12.5% gels and transferred to Immobilon-P PVDF membranes (Millipore). Membranes were soaked in 5% skim milk dissolved in Tris-buffered saline supplied with 0.1% Tween 20 (TBST) at room temperature for 2-3 h and washed twice with TBST for 5 min. The membranes were then reacted overnight at 4°C with either primary antibody against calreticulin (Cell Signaling Technology, catalog no. 2891) or ␤-actin (Cell Signaling Technology, catalog no. 4967) diluted with blocking buffer (5% bovine serum albumin in TBST) by 1:1000 or 1:5000-fold, respectively. After washing with TBST twice, membranes were further reacted with 1:5000-fold diluted horseradish peroxidase-linked anti-rabbit Ig (GE Healthcare, catalog no. NA934) in the blocking buffer at room temperature for 3-4 h. Bands were detected using Western Lightning Plus-ECL (PerkinElmer Life Sciences, catalog no. NEL104001EA).
Infection Experiments-In the silkworm infection experiments, serial 2-fold dilutions of overnight cultures were injected into five larvae (day 2 of 5th instar) per group, and the survival rates were measured. LD 50 values (at 16 h post-infection of S. marcescens or 24-h post-infection of S. aureus) were determined as described previously (15) . In the mouse infection experiments, C57BL/6JJc1 female mice (7-8 weeks old) were intravenously injected with 200 l of S. marcescens (3 ϫ 10 8 cells/ml) suspended in PBS. The survival of six mice per group was monitored, and the statistical difference between the survival curves was analyzed by log-rank test.
RESULTS

Decrease in Silkworm Hemocyte Number by Injury Stimulation and Suppression of This Phenomenon by the S. marcescens
Culture Supernatant-When silkworms were injured by needles, the number of hemocytes freely circulating in the bloodstream decreased after 0.5 h (Fig. 1A ). This effect was more prominent when water, IPS, or bacterial culture medium was injected into the silkworm hemolymph (Fig. 1A) . This phenomenon is considered an "injury effect," i.e. an acute immune response in insects (23) . Similar observations are reported in mammals at early stages of infection (24) . In contrast, when silkworms were injected with a live suspension of S. marcescens, the decrease in the free hemocyte number was suppressed (Fig.  1B) . Injection of E. coli or S. aureus, however, did not induce the suppression (Fig. 1B) . We and others have demonstrated that fewer than 10 colony-forming units of S. marcescens kills insects, including silkworms (15, 25) . We therefore hypothesized that the above phenomenon, suppression of the injurydependent reduction in hemocyte numbers by S. marcescens, is responsible for the high virulence of S. marcescens against silkworms.
The suppressive effect on the injury-dependent hemocyte decrease was also observed by injecting S. marcescens culture supernatant. Injection of BHI medium into the silkworm hemolymph induced a transient decrease in the number of free hemocytes within 0.5 h, followed by a slow recovery of the cell number (Fig. 1C) . Injection of the S. marcescens culture supernatant led to a much higher increase in the number of hemocytes compared with control groups after 0.5 to 24 h (Fig. 1C) . We previously demonstrated that live S. marcescens induces apoptotic cell death in silkworm hemocytes and suppresses innate immune responses (15) . We also reported that the S. marcescens culture supernatant does not induce a rapid killing of hemocytes (15) . In contrast, under conditions in which S. marcescens culture supernatant suppressed the decrease in hemocyte numbers, cell viabilities were not affected, based on trypan blue staining (data not shown). Therefore, we considered that S. marcescens culture supernatant contains factors A, alteration of hemocyte density after wounding or liquid injection. Silkworm larvae (day 2 of 5th instar, 2 g/larva) were either injured by needles or injected with 50 l of liquid samples (Milli-Q water, saline, LPS-free saline, IPS, 50 mM Tris-HCl (pH 8.0), 10 mg/ml bovine serum albumin, LB10 culture medium, or BHI culture medium). After 0.5 h, hemolymph was collected, and the number of hemocytes was counted under a microscope. Data represent mean Ϯ S.D. of 4 -6 larvae. Statistical analysis was performed using one-way analysis of variance (ANOVA) with Tukey's multiple comparison tests. Statistically significant differences were observed between columns with different letters (a-d; p Ͻ 0.05). B, 10 silkworms per group were injected with 100 l of either BHI culture medium and live bacterial suspensions (10 10 cells/ml) of S. aureus, E. coli, or S. marcescens. Hemolymph collected from 10 silkworms after 3 h were pooled, and hemocyte density was determined under a microscope. Data represent mean Ϯ S.D. of 3-4 experiments. Statistical analysis was performed using a one-way ANOVA, and statistical differences compared with the control "BHI medium" group were analyzed by Dunnett's multiple comparison test (*, p Ͻ 0.001). C, silkworms were injected with 100 l of either culture medium (open circle) or a filtered fraction of an overnight BHI culture supernatant of S. marcescens (closed circle), and the number of free hemocytes was counted at the indicated time points. Data represent mean Ϯ S.D. of five larvae. Statistical analysis was performed using Student's t test between two groups at each time point (#, p Ͻ 0.005; *, p Ͻ 0.001). D, effect of heat treatment on hemocyte-increasing activity of the BHI culture supernatant of S. marcescens. Silkworms were injected with 100 l of either a filtered fraction of an overnight BHI culture supernatant of S. marcescens (closed circle, Control) or the supernatant heated at 100°C for 30 min (open circle, Heat-treated). After 0.5 h, the hemolymph was collected, and hemocyte numbers were counted. Data represent mean Ϯ S.D. of four larvae. Statistical analysis was performed using Student's t test between two groups at injection volumes of 13, 25, 50, and 100 l (#, p Ͻ 0.01; *, p Ͻ 0.001).
that promote the release of free hemocytes into the bloodstream without killing them. Purification of the responsible factors is described below.
Purification of Hemocyte Number-increasing Factors from S. marcescens Culture Supernatant-S. marcescens culture supernatant suppressed the injury effect of IPS injection, which caused a rapid decrease in the number of free hemocytes. In other words, injection of S. marcescens culture supernatant into silkworms induced an apparent increase in the hemocyte cell density compared with the IPS-injected group. Hereafter, we refer to this activity "hemocyte number-increasing activity." For the purification of active factors, activity that induced a 1.5-fold increase in the hemocyte number compared with the IPS-injected group was defined as 1 unit.
Heat treatment of the S. marcescens BHI culture supernatant at 100°C for 30 min significantly reduced its hemocyte-increasing activity (Fig. 1D ). An increased number of free hemocytes was also observed following the injection of a filtered supernatant of a static S. marcescens culture in IPS (instead of BHI medium; Fig. 2A ). The activity of S. marcescens IPS culture supernatant was also abolished by heat treatment at 100°C for 30 min (Fig. 2B) . We used this IPS culture supernatant as a starting material for the purification.
Purification of the silkworm hemocyte number-increasing factor in the S. marcescens culture supernatant was performed by sequential column chromatography using phenyl-Toyopearl, hydroxyapatite, and DEAE-Toyopearl (Table 1) . Two active fractions eluted at a low and a high salt concentration, designated peaks 1 and 2, respectively, were obtained by DEAEToyopearl column chromatography (Fig. 2C) . Activities of both fractions were sensitive to heat treatment (Fig. 2, D and E) . Regarding the peak 2 fraction, co-elution of the protein concentration with hemocyte-increasing activity was observed (Fig.  2C) . SDS-PAGE analysis of the peak 2 fraction revealed a Coomassie Brilliant Blue-stained single band with a molecular mass of 50 kDa (Fig. 2F) . We further applied the peak 2 fraction to Superose 12 gel filtration column chromatography and observed a single peak of activity (Fig. 3A) , consistent with the FIGURE 2. Hemocyte number-increasing activities of eluted fractions of culture supernatant of S. marcescens from DEAE-Toyopearl column. A, silkworm hemocyte-increasing activity of S. marcescens IPS culture supernatant. Overnight-cultured S. marcescens cells were suspended in IPS (10 11 cells/ml) and statically incubated at 30°C for 1 day. The suspension was then centrifuged, and the supernatant was filtered through a 0.22-m filter. Three larvae per group (day 2 of 5th instar) were injected with 100 l of each diluted sample, and the hemolymph was collected after 0.5 h. Hemolymph from three larvae was pooled, and hemocyte numbers were counted under a microscope. Activity with a 1.5-fold increase in the number of hemocytes relative to that obtained from IPS-injected silkworms was defined as 1 unit. B, effect of heat treatment on hemocyte-increasing activity of the IPS culture supernatant of S. marcescens. Silkworms were injected with 100 l of either a filtered fraction of an IPS culture supernatant of S. marcescens or the supernatant heated at 100°C for 30 min. After 0.5 h, the hemolymph was collected, and hemocyte numbers were counted. Data represent mean Ϯ S.D. of three larvae. Statistical analysis was performed by one-way ANOVA with Tukey's multiple comparison tests (*, p Ͻ 0.01). C, hemocyte number-increasing activities (filled squares) and amounts of protein (open circles) in eluted fractions of culture supernatant of S. marcescens from the DEAE-Toyopearl column. Dashed lines indicate the NaCl concentration. D and E, effect of heat treatment on hemocyte-increasing activity of eluted fractions of S. marcescens culture supernatant from the DEAE-Toyopearl column. Peak 1 or peak 2 fractions obtained by DEAE-Toyopearl column chromatography were heated at 100°C for 30 min. Silkworms were injected with 100 l of heat-treated peak 1 (D) or peak 2 (E) fraction. After 0.5 h, the hemolymph was collected, and hemocyte numbers were counted. Data represent mean Ϯ S.D. of three larvae. Statistical analysis was performed using Student's t test (D) or one-way ANOVA with Tukey's multiple comparison test (E) (*, p Ͻ 0.01; #, p Ͻ 0.001). F, fractions 12-19 of the above DEAE-Toyopearl column chromatography were subjected to SDS-PAGE, and the gel was stained with Coomassie Brilliant Blue. M, molecular weight markers.
presence of the 50-kDa band (Fig. 3B) . In addition, specific activity of the eluted fraction was identical to that of the applied sample, indicating that the active substance in peak 2 was purified. The protein was extracted from the gel, treated with trypsin, and then subjected to amino acid sequence analysis. Two peptide sequences were obtained, which matched the internal sequence of S. marcescens serralysin metalloprotease (data not shown).
We then cloned the ser gene from S. marcescens genome DNA and introduced it into E. coli BL21(DE3)pLysS. E. coli cells expressing the S. marcescens ser gene were lysed and subjected to purification using nickel-affinity column chromatography to obtain His-tagged recombinant serralysin protein (Fig.  4, A and B) . The eluted fraction containing the recombinant serralysin protein increased the hemocyte number when injected into the silkworm hemolymph in a dose-dependent manner (Fig. 4C) . The specific activity of recombinant serralysin prepared from E. coli cells was 1.3 units/g protein, which was 1/9 that of peak 2 fraction purified from S. marcescens IPS culture supernatant. The activity of the recombinant protein was abolished by heat treatment at 100°C for 30 min (Fig. 4D) . The protein degradation activities of metalloproteases, including serralysin, are inhibited by EDTA, a chelating agent of divalent metal ions (26). In the above experiment using the recombinant serralysin fraction, the addition of 10 mM EDTA (final concentration in silkworm hemolymph) to the samples completely inhibited the increase in the hemocyte density (Fig. 4E) , suggesting that divalent metal ions are necessary for the hemocyte number-increasing activity of serralysin. This means that the protein degradation activity of serralysin is required for the hemocyte number-increasing activity.
Suppression of Host Cellular Immune Responses by Serralysin-S. marcescens culture supernatant induced a rapid increase in the hemocyte density in the silkworm hemolymph within 30 min (Fig. 1C) . Based on this observation, we speculated that serralysin blocked the adhesion of hemocytes to body tissues without promoting cell growth in hematopoietic organs. To test this hypothesis, we performed the following experiments. Hemocytes were precultured on polystyrene dishes. The number of cells that were detached from the bottom surface by gentle shaking was higher in cultures supplied with recombinant serralysin than in control groups (Fig. 5A) .
Because serralysin is a protease, we assumed that serralysin degraded adhesion molecules present on the hemocyte membrane and thus attenuated the cell adhesiveness. We therefore attempted to identify the membrane proteins degraded by serralysin. Silkworm hemocytes were incubated in the presence of recombinant serralysin, and membrane fractions were subjected to two-dimensional electrophoresis analysis. We found two protein spots that disappeared in response to serralysin treatment (Fig. 5B) . We further cut out gel pieces that contained these proteins and performed amino acid sequence analysis. As a result, one protein contained clip domain serine protease 11 (BmSPH-1) precursor and the other protein contained a serine proteinase-like protein precursor (Fig. 5B) . BmSPH-1 is involved in a cellular immune response called nodule formation, a process characterized as an aggregation of hemocytes that trap foreign substances and attach to internal tissues (27) .
Adhesion molecules of immunosurveillance cells play critical roles in bacterial engulfment. Based on our results suggesting that serralysin reduced cell adhesiveness, we considered that serralysin might inhibit bacterial phagocytosis by hemocytes. To test this hypothesis, we investigated the effect of serralysin on host cellular immune responses by in vitro phagocytosis assay against S. aureus as described previously (10) . The numbers of live S. aureus cells incorporated by hemocytes were decreased in the presence of serralysin, and this effect was dependent on the serralysin concentration (Fig. 5C) . Furthermore, we injected silkworms with a mixture of serralysin and S. aureus to examine the effect of serralysin on the transition of live bacterial counts in the bloodstream. When serralysin was co-injected with S. aureus, higher numbers of live bacteria were collected from the hemolymph compared with the control group injected with S. aureus alone (Fig. 5D ). Insect cytokine PP induces morphologic alterations accompanied by cellular elongation in silkworm hemocytes (28) . We previously reported that active PP also promotes the expression of phagocytosis-related genes in hemocytes (10). We therefore verified our assumption that PP increased the cell adhesiveness leading to a reduction of free hemocytes and that serralysin suppressed this process. The numbers of free hemocytes in IPSinjected larvae were further decreased by injection of active PP (Fig. 6A) . In contrast, an inactive form of PP with a truncated N terminus lacking ENF residues (19) failed to show this activity (Fig. 6A) . We found that recombinant serralysin inhibited the hemocyte reduction caused by both IPS and active PP injection (Fig. 6A) . Furthermore, in vitro incubation of active PP in the FIGURE 4. Expression of recombinant serralysin protein in E. coli and its hemocyte number-increasing activity. A, expression of recombinant serralysin protein in transformed E. coli cells. E. coli cells harboring the expression plasmid were incubated in the presence of isopropyl ␤-D-thiogalactopyranoside (IPTG), and insoluble fractions were prepared from cell lysates. Samples were then solubilized in 8 M urea and subjected to SDS-PAGE. pET28a, E. coli cells transformed with an empty vector; pET28a/ser, E. coli cells transformed with a serralysin ORF-containing vector; P, insoluble fractions of cell lysates; S, urea-soluble fractions. B, fractionation of recombinant serralysin protein by nickel affinity column chromatography. The above urea-soluble fractions were applied to Probond resin. The column was washed and eluted as described under "Experimental Procedures." FT, flow-through fraction; W, washed fraction; E1-5, eluted fractions. C, hemocyte-increasing activity of recombinant serralysin protein. The E1 fraction of the above nickel-affinity column chromatography was dialyzed in IPS and injected into silkworm hemolymph. Three larvae (day 2 of 5th instar) were injected with 100 l of each sample, and after 0.5 h hemolymph were collected and pooled. Hemocyte numbers were counted under a microscope. Cell counts relative to that of IPS-injected group are shown. D, effect of heat treatment on hemocyte-increasing activity of the recombinant serralysin protein. Silkworms were injected with 100 l of either purified recombinant serralysin (2.6 M) or the protein sample heated at 100°C for 30 min. After 0.5 h, the hemolymph was collected, and hemocyte numbers were counted. Data represent mean Ϯ S.D. of three larvae. Statistical analysis was performed by one-way ANOVA with Tukey's multiple comparison tests (*, p Ͻ 0.001). E, effect of EDTA on the hemocyteincreasing activity of the recombinant serralysin protein. Recombinant serralysin was incubated in the presence of 50 mM EDTA at 4°C for 3 h according to a previous report (26) , and then the sample was injected into silkworm larvae (100 l/larva). After 0.5 h, hemocyte numbers were counted as above. Data represent mean Ϯ S.D. of 4 -5 larvae. Statistical differences between EDTA(Ϫ) and EDTA(ϩ) at each serralysin concentration were analyzed using Student's t test (*, p Ͻ 0.005).
presence of recombinant serralysin did not reduce the protein level of PP itself (Fig. 6B) . Thus, we concluded that serralysin suppressed the PP-dependent hemocyte decrease without directly degrading PP in the silkworm hemolymph.
Involvement of Serralysin in Silkworm Killing by Pathogenic Bacteria-In general, adhesion of blood-circulating immune cells is involved in a variety of host immune responses and contributes to bacterial clearance and cellular migration to other tissues. Our results suggesting that serralysin decreased the adhesive properties of the silkworm hemocytes and suppressed cellular immune responses led us to assume that serralysin contributed to virulence against host animals. To verify the necessity of serralysin for the pathogenesis of S. marcescens, we constructed a disruption mutant of the ser gene and examined its host-killing effect. IPS culture supernatant of the mutated strain ⌬ser had lower hemocyte number-increasing activity than the wild-type strain (Fig. 7A) . When this ⌬ser IPS culture supernatant was subjected to the fractionation procedure for serralysin purification as shown in the Table 1 , the activity corresponding to peak 2 in the DEAE-Toyopearl column chromatography was abolished (Table 2 and Fig. 7B ). In addition, the protein with a molecular mass of 50 kDa was not detected in eluted fractions corresponding to peak 2. In contrast, the activity corresponding to peak 1 was not significantly affected (Table  2) ; the total activity in DEAE-Toyopearl column chromatography from three independent cultures of ⌬ser mutant was 530 Ϯ 140 units (mean Ϯ S.D.). We then evaluated the LD 50 value of the ⌬ser mutant against silkworm larvae. The LD 50 value of ⌬ser was ϳ5 times higher than that of the parent S. marcescens strain (Fig. 7, C and D) . We found that co-injection of the recombinant serralysin protein with ⌬ser S. marcescens suppressed the increase in the LD 50 value (Fig. 7D) . Moreover, in an S. aureus infection model, injection of the recombinant serralysin protein reduced the LD 50 value of S. aureus against silkworms (Fig.  7E) . Neither disruption of the ser gene in S. marcescens nor the addition of serralysin protein to the S. aureus culture medium significantly affected the generation time of each bacterium (data not shown).
Involvement of Serralysin in S. marcescens Virulence against Mice-
The results of the experiments described above demonstrated that serralysin attenuated the adhesive properties of silkworm hemocytes and that serralysin was required for silkworm killing by S. marcescens. We further examined whether serralysin was involved in S. marcescens virulence against mammals. Serralysin inhibited the adhesion of mouse peritoneal macrophages to polystyrene dishes (Fig. 8A) . Moreover, twodimensional electrophoresis revealed a protein spot in the membrane fraction of mouse peritoneal macrophages that disappeared in response to serralysin treatment (Fig. 8B) . Amino acid sequence analysis revealed that this protein spot contained calreticulin (Fig. 8B) , a multifunctional Ca 2ϩ -binding protein located on membrane surfaces of immune cells that is involved in cellular adhesion (29 -32) . The serralysin-dependent degradation of calreticulin in mouse macrophages was confirmed by Western blot analysis (Fig. 8C) . Furthermore, the killing of mice infected intravenously with the ser gene-disrupted S. marcescens mutant was delayed compared with that of mice infected with wild-type S. marcescens (Fig. 8D) , suggesting that serralysin is necessary for the pathogenicity of S. marcescens in mice.
DISCUSSION
In both vertebrates and invertebrates, pathogenic microorganisms invading the host bloodstream are initially recognized by circulating immunosurveillance cells and then rapidly eliminated through early defense responses such as phagocytosis. Immunosurveillance cell dysfunction causes severe problems in infected hosts. In this study, we found that the opportunistic pathogen S. marcescens reduced the adhesiveness of freely circulating immune cells in silkworms, leading to the suppression of host cellular immunity. We identified serralysin metalloprotease as a factor responsible for this activity. Moreover, our findings suggested that serralysin attenuated adhesion in murine peritoneal macrophages and is involved in host killing by S. marcescens against silkworms and mice.
In mammals, including humans, white blood cell (WBC) density is an indicator of inflammation. When inflammation occurs in mammals, granulocyte colony stimulation factor and other cytokines that promote cell growth of neutrophils and macrophages are produced and then WBC values increase within several days post-infection. In contrast, in the early stage of infection, WBC adhere to the blood epithelia and migrate to damaged tissue, which transiently decreases WBC values (24) . In silkworms, the injection of salt solutions or culture medium rapidly reduced the number of circulating hemocytes. Moreover, the insect cytokine PP dissolved in IPS induced a further decrease in hemocyte counts compared with IPS alone (Fig.  6A ). These phenomena observed in silkworm hemocytes seem to correspond to the acute responses of WBC in mammals infected by pathogens.
Serralysin is a metalloprotease that is conserved among various bacterial species. Proteus mirabilis, a pathogen that infects the human urinary tract, and an entomopathogenic bacteria, Photorhabdus luminescens, possess serralysin homologs named ZapA (33) and PtrA (34), respectively. These serralysin family metalloproteases degrade humoral immune factors. For example, in vitro studies revealed that P. mirabilis ZapA degrades immunoglobulins IgA and IgG and antimicrobial peptides such as human ␤-defensin 1 and LL-37 (35) . To our knowledge, however, there are no reports demonstrating that serralysin affects "cellular" immune systems of host animals. This study demonstrated that S. marcescens serralysin inhibits the adhesion of immune cells and suppresses bacterial clearance. Moreover, our results suggested that serralysin acts as a metalloprotease to degrade BmSPH-1, a factor involved in cellular immune responses, by mediating the adhesion of hemocytes to the tissue surface. Sakamoto et al. (27) recently reported that activated BmSPH-1 localized within hemocyte aggregates when nodule formation is induced in silkworms infected by bacteria. Therefore, although BmSPH-1 is normally present in the hemolymph of noninfected silkworms, it is recruited to hemocyte surfaces after immunologic stress and contributes to cellular adhesion and melanization processes within the aggregates (27) . Based on our in vitro results, we considered that BmSPH-1 was activated through the hemocyte isolation process and recruited to cell surfaces and then degraded by recombinant serralysin, leading to the suppression of cellular immune responses. Under our experimental conditions, it is possible that the degradation of other factors caused a serralysin-dependent inhibition of BmSPH-1 localization to the cell surface and subsequent Western blot analysis for calreticulin was performed using membrane fractions of mouse peritoneal macrophages treated with recombinant serralysin (rSer) as above. ␤-Actin was detected as a loading control. D, requirement of the ser gene of S. marcescens for mouse killing. Live bacteria suspension (200 l; 3 ϫ 10 8 CFU/ml) of either wild-type (WT) or the disrupted ser in gene mutant (⌬ser) was intravenously injected into mice (n ϭ 6), and survival rates were monitored. A log-rank test revealed a significant difference between the survival curves of "WT" and "⌬ser" (p Ͻ 0.05).
immune reactions. Factors other than BmSPH-1 that are reported to be involved in the regulation of nodule formation are Noduler (36) and BmLBP C-type lectin (37) , which directly bind to bacteria. These factors are also reported to be necessary for bacterial clearance via the formation of nodules at an early stage of infection, and thus they are potential serralysin target candidates. Moreover, the serine proteinase-like protein precursor identified through the analysis of protein spot 2 that disappeared following serralysin treatment (Fig. 5B) could be an uncharacterized factor involved in acute immune responses and targeted by serralysin.
We previously demonstrated that the insect cytokine PP is converted into the active form via reactive oxygen species production by hemocytes stimulated with bacterial cell wall components (9) . Moreover, we reported a genome-wide analysis of gene expression in the immune organs of silkworms injected with active PP (10) . This microarray analysis revealed factors involved in cell adhesion among up-regulated genes in the hemocytes of PP-injected silkworms (10) . In this study, active PP decreased the number of freely circulating hemocytes, whereas serralysin inhibited this process. Because serralysin did not directly degrade PP, we considered that serralysin degraded adhesion molecules on hemocytes induced by active PP, thereby leading to decreased adhesiveness of the immune cells to internal tissues. The relationship between PP-dependent innate immune responses and the nodule formation mentioned above has yet to be clarified. Because both reactions are triggered by bacterial cell wall components via host serine protease cascades within a relatively short time post-infection, at least some parts of these activation pathways may share common mechanisms. One possible mechanism is that PP activated by bacteria rapidly induces cellular immune factors (such as BmSPH-1) that promote hemocyte adhesion, followed by a decrease in the number of freely circulating cells in silkworm hemolymph. Further attempts to elucidate the relationship between PP and nodule formation is necessary to test this hypothesis. Artificial suppression of PP activation and cellular immune responses such as nodule formation by neutralizing antibodies or gene knockdown inhibit pathogen clearance in infected hosts (9, 27, 36) . Studies of virulence factors that target host immunity would also shed light on the mechanisms underlying the immune system.
Our findings indicate that serralysin was responsible, at least in part, for the hemocyte number-increasing activity of an IPS culture supernatant of S. marcescens. To our knowledge, this is the first study to identify a virulence factor that affects immune cell density in the bloodstream using a bioassay with whole animals. Cellular factors in the innate immune system have been intensively studied using invertebrates such as D. melanogaster (17, 38 -41) and Caenorhabditis elegans (42, 43) . Because of its larger body size compared with these animals, however, we propose that the silkworm is a useful model for bioassays to identify virulence factors that suppress host cellular immunity. Because a band corresponding to serralysin was not observed in the peak 1 fraction and disruption of the ser gene did not significantly affect the activity of the peak 1 fraction obtained by DEAE-Toyopearl column chromatography (Table 2 and Fig.  7B) , factors other than serralysin may also contribute to this effect. We found two genes having high homology with the ser gene in the genome database of S. marcescens, and studies of their involvement in virulence are ongoing. Further studies to identify the remaining hemocyte-increasing factors would clarify the picture of cellular immune suppression by S. marcescens.
